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Abstract
Access to clean, safe drinking water is considered a basic human right (WHO
2004). It is vital to maintain adequate monitoring of source waters as well as to
investigate claims of degraded source waters. In June of 2017, inaccurate reporting led
many community members in Mt. Pleasant, SC to believe that their drinking water
might be tainted, leading to elevated cases of brain cancer in children. Though steps
were taken to test and ensure the drinking water was safe, fear over the health of the
city’s drinking water still persists. This is largely due to the involvement of famed water
quality advocate Erin Brockovich who claimed that the local water utility was using
contaminated drinking water from a nearby reservoir, the Bushy Park Reservoir (BPR). In
response to community concern, a site assessment was performed on the BPR and its
surrounding watersheds. The results showed that the BPR was impaired for dissolved
oxygen (DO); however, based on existing water quality data, it is not supported that the
BPR was degraded or being adversely impacted by run-off. However, a projection of
impervious cover for the BPR’s watershed is concerning as it suggests that by as soon as
2051 the BPR could begin to be impacted by urban run-off, experiencing increased
nutrient, bacterial and chemical loading. Effective watershed management strategies
will be paramount to maintain and improve the current health of the reservoir.
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Chapter 1: Introduction
The World Health Organization claims that access to clean drinking water is a
basic human right (WHO 2004). Though it is well documented that underdeveloped
countries struggle with gaining access to purified drinking water, what has become an
emerging issue in recent years is the state of water quality in the United States. Poor
drinking water can lead to both chronic and acute illnesses. Contaminants including
heavy metals and pesticide exposure can lead to a variety of adverse health outcomes
including chronic neurological impairments and cancers (WHO 2004 and Damalas 2011).
However, toxins from events including harmful algal blooms (HABs) can lead to more
acute illnesses, like the 16 million cases of gastroenteritis that occur yearly in the United
States from tainted drinking water (Allaire 2018). In the past several years, nationally
recognized failures in drinking water protection have spurred controversy and fear over
the condition of drinking water in the U.S.

Recent issues such as the 2014 drinking water crisis in Flint, Michigan, in which
poor management practices by a city-owned water utility led to high levels of lead in the
distributed drinking water (Lieberman 2016). Edwards (2014) conducted a study of the
finished drinking water from Flint, Michigan that showed that some water samples
contained concentrations over 700 ug/L, which falls above the Environmental Protection
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Agency’s (EPA) lead and copper criterion of 15 ug/l. Dr. Mona Hanna-Attisha, who first
discovered elevated levels of lead in children’s blood samples, projects recovery from
the water crisis to last nearly 20 years (Lieberman 2016).

During the summer of 2016, GenX, a long-chain perfluoroalkyl substance, was
detected in high concentrations within the Cape Fear River watershed in North Carolina.
Samples collected by independent researchers determined that raw water from a
drinking water treatment plant along the Cape Fear River had concentrations of 631
ng/L (Sun 2016). The EPA lifetime health advisory recommendation is 70 ng/L. The water
utility is currently incapable of filtering GenX. Though little is known about the human
health impacts of GenX specifically, it is thought to pose a bioaccumulation threat as
well as other toxicological hazards (Zhanyun 2015). GenX was shown to cause liver
damage in mice with low exposures of ≤10 mg/kg/day (ECHA 2014). After
investigations, it was discovered that chemical plant Chemours, an affiliate of DuPont,
had been legally discharging the chemical since the mid-1980s, as GenX is an
unregulated chemical (Sreenivasan 2017). Some residents near the plant in Fayetteville,
North Carolina had their drinking water contaminated by GenX to such an extent that
Chemours provides the affected community members with purified, bottled water
indefinitely (Sreenivasan 2017). In June of 2017, the state regulatory agency, the
Department of Environmental Quality (DEQ), became involved and Chemours agreed to
phase-out its use of GenX. Currently, a bill is proposed in the state congress to classify
GenX as a pollutant capable of being regulated.
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In late June of 2017, a news article was published suggesting that a cancer
cluster comprised of 11 cases of a rare brain tumor in children had arisen in Mount
Pleasant, South Carolina (Heaton 2017). Seeking to identify an explanation to the
heightened occurrences of the rare cancer, the parents turned their focus to their
drinking water. Some families purchased at-home pesticide testing kits online which,
according to their testimonies, tested positive for the presence of pesticides. One father
decided to send a sample to an independent lab for testing. He stated that the lab’s
report suggested that the water sample, which was provided from his kitchen sink,
contained GenX, a legal, industrially discharged chemical that is of emerging concern
(Sausser 2017). The storyline quickly unfolded from a few concerned parents with
domestic water-testing kits to an elevated issue of national attention. Famed drinking
water quality advocate Erin Brokovich, who is well known globally for her efforts in
uncovering chromium-6 pollution from a Pacific Gas and Electric plant in California,
became involved, questioning the city’s water provider, Mount Pleasant Waterworks
(Byrd 2017).

After tens of thousands of dollars were spent by both Mount Pleasant
Waterworks and the South Carolina Department of Health and Environmental Control
(SCDHEC), no contaminants were found (Wildeman 2017). Furthermore, investigations
from SCDHEC, the state of South Carolina’s environmental regulatory agency, found that
the proclaimed ‘cancer cluster’ was never truly a ‘cancer cluster’ (Sausser 2017). The
number of affected children was misinterpreted, leading to inaccurate accusations
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regarding the severity of the issue. The true number of rare brain cancer cases from
Mount Pleasant did not exceed what was expected of the area, calling into question the
‘cancer cluster’ claims. Moreover, the one father who reported that GenX was found in
his drinking water supply was misinterpreting the analysis of the report (Sausser 2017).
The report from the General Engineering Lab in Charleston, South Carolina stated that
GenX concentrations were below the limit of detection (LOD), meaning that statistically
the lab could not confirm the presence of the suspected contaminant, as readings below
the LOD could simply be instrumental error (Scott 2017). Though the water quality in
Mount Pleasant had been deemed safe and drinkable by academic leaders, regulatory
agencies and other independent scientists, Erin Brokovich continued to cast fear over
the city's drinking water (Scott 2017). Brokovich eventually made the claim that Mount
Pleasant Waterworks was purchasing contaminated surface water from a nearby
reservoir, the Bushy Park Reservoir (BPR). Although her claims were unsupported by
data, community concerns still continue to this day (March 29th, 2019). This suggests
that there still is a need to further investigate Brokovich's claims, especially concerning
the BPR.

1.2 Objectives
In the wake of the events that took place in Mount Pleasant, South Carolina in
the summer of 2017 coupled with other national events like those in Flint, Michigan,
there has been a renewed interest by citizens, industry and regulatory agencies to
assess the current condition of the state's water sources. The research that was
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conducted in this study investigates historical water quality monitoring data of the BPR,
whose finished water is utilized by Mount Pleasant Waterworks and the Charleston
Water System to deliver water to South Carolina’s fourth largest city, Mount Pleasant as
well as 400,000 individuals throughout Charleston County (USGS 2014). This study
accomplished two important objectives.

Firstly, this study aimed to investigate the current state of the reservoir’s water
quality. Through datasets collected from the South Carolina Department of Health and
Environmental Control (SCDHEC), the Charleston Water System and the United States
Geological Survey (USGS), this research allowed for a better understand the present
condition of BPR and identified potentially harmful issues.

Secondly, the historical changes in water quality in the BPR were also analyzed.
In addition, land cover/use changes that have occurred in the watershed in which the
BPR resides were also investigated. Land cover refers to the physical type of land while
land use refers to how humans use the land. Examining both historical land cover/use
changes as well as changes to historical water quality parameters within the reservoir,
provided the ability to determine the impact that development and urbanization can
have on a drinking water reservoir.

This site assessment of the BPR serves to characterize the water quality of the
BPR and the role that land cover/use might be having on water quality within the BPR
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and its surrounding tributaries. Due to recent water quality concerns for the BPR and its
surrounding tributaries, it was hypothesized that water quality has degraded in recent
years. This study will test the null hypothesis that water quality along the BPR and its
tributaries has not changed over time. The alternative hypothesis states that water
quality has changed over the years. The statistical testing of this research serves to
support or reject the null hypothesis. Below are the null and alternative hypotheses.

H0: Water quality has not changed over time.
Ha: Water quality has changed over time.
1.3 Water Quality Parameters of Interest
Water quality can be adversely impacted through a suite of various factors. In
Mount Pleasant, South Carolina inaccurately reported pesticide and chemical
contamination was briefly thought to have contributed to the development of a rare
brain tumor in children. In the case of Flint, Michigan, the use of low pH waters coupled
with a failure to adequately administer corrosion inhibitors led to acidic waters which in
turn allowed lead to leach from distribution pipes (Edwards 2014). But, to fully assess
problems with drinking water, one must first investigate the potential sources of
pollution.

There are no industrial discharges into the BPR or its watershed. This suggests
that if water quality degradation occurs in the reservoir or its surrounding tributaries, it
is likely from nonpoint source pollution. Chabaeva (2004) suggests that nonpoint source
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pollution is the greatest threat to water quality, and that urban run-off is the greatest
contributor. As cities expand, industry develops, and parking lots are paved, soil loses its
ability to be infiltrated by precipitation. Instead, the precipitation falls to the impervious
surfaces, collecting pollutants including pesticides, petroleum aromatic hydrocarbons
(PAHs) and other contaminants. Eventually, these contaminated waters migrate to
rivers, lakes and reservoirs. It is through these impervious developments that we can
observe severe impacts to water quality (Holland 2004). The impacts can be in the form
of direct influxes of toxins, bacteria, pesticides, hazardous chemicals, PAHs, fecal
coliforms etc. which can not only pose issues to the ecological ecosystems of the
waterbodies they invade, but they are also problematic as many drinking water filtration
plants are unable to fully remove such toxins. By investigating indicator parameters
including fecal coliform, dissolved oxygen (DO) levels, nutrients and pH one can better
determine when water quality is being degraded through urban run-off.

The use of indicator parameters are useful as it is entirely too costly and time
consuming to test waters for all harmful contaminants. Indicators of run-off allow one
to determine when and to what degree waters are being degraded by nonpoint source
pollution. DO is a common indicator of nonpoint source pollution as urban and
agricultural run-off can often lead to hypoxic waters. As run-off from residential, urban
and rural areas flows into waterways, these waters experience influxes of organic
matter (Magaud 1997). As this organic material settles, benthic and aquatic microbes
begin feeding. These microbes perform aerobic respiration, just like humans, consuming
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oxygen in the waters. In this way, by observing DO concentrations in receiving
waterbodies, like the BPR, it can allow one to better identify waters impacted by run-off.
However, it is important to note that DO is also correlated with other factors, like water
temperature. There is a strong inverse correlation between water temperature and the
concentration of dissolved gases in the water column (Manasrah 2006). Low DO
concentrations could be a function of warmer than normal waters, rather than nonpoint
source run-off. Water circulation is also a critical factor in DO levels as more stagnant,
pooled waters that are not receiving fresh influxes of oxygenated waters cannot
maintain compliant DO concentrations (Butts 1978). While DO can be a useful indicator
of urban/agricultural run-off, there are several factors that control DO, making it
necessary to investigate other indicator parameters as well.

A second common indicator of urban and agricultural run-off is the fecal coliform
indicator. Fecal coliforms result from the presence of wild and domesticated animals,
many of which are found in urban environments. Rainfall events flush these bacteria
into waterways, leading to increased loading of fecal matter into streams and reservoirs.
The presence of indicator fecal coliforms indicates the presence of pathogenic microbes.
Indicator fecal coliforms can also indicate the occurrence of a run-off event which could
suggest the presence anthropogenic contaminants, including pesticides, combustion-by
products, flame retardants and others. However, much like DO, the presence of fecal
coliforms is not exclusively a sign of run-off. Alligators can contribute to increased fecal
coliform loading in lakes and reservoirs, suggesting that reservoirs failing to meet state
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water quality criteria for bacteria may not only be facing issues of run-off, but also
increased alligator density (Johnston 2010). Bird rookeries have also been identified as
sources of bacterial contamination of local hydrologic systems (Scott 2019). It is also
noted that fecal coliforms are commonly associated with wastewater treatment
discharges, though it is noted that the BPR has no such facilities in its watershed
(Elmund 1999).

pH can also act as an indicator that a waterbody has experienced significant
urban/agricultural run-off. Organic matter commonly associated with these run-off
events can trigger consumption of oxygen as bacteria begin to breakdown this
introduced organic matter. As these benthic microbes respire, they exhale CO2 into the
surrounding waters, leading to heightened levels of carbonic acid (Giorgio 2005). This
can lower the pH of lakes and streams. Increased nutrient loading from run-off can also
increase algal growth. When these algae eventually decompose, they sink to the
reservoir floor, again leading to increased microbial activity and low pH. pH is critically
important to aquatic life as acidic and alkaline waters can kill all aquatic life. Low pH
waters have also been known to lead to the formation of methyl-mercury, a highly toxic
compound (Winfrey 1990). By measuring pH, one can better understand the frequency
and severity of run-off events.

In addition to using pH, fecal coliforms and DO as indicators for urban and
agricultural run-off, water quality can also be impacted indirectly through nutrient
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enrichment via excessive addition of nitrogen and phosphorus into the receiving water
body. When urban and/or agricultural run-off contains high nutrient loads, the
waterbody that receives this enriched run-off can be at an increased risk for producing
HABs (Anderson 2002). These photosynthesizing blooms can produce toxins that can
lead to a variety of gastrointestinal issues and render drinking water reservoirs
unusable. Cyanobacteria (blue-green algae) are common in HAB formations, producing
hepatotoxins associated with liver damage, cytotoxins which can attack critical organ
functions and neurotoxins that have been documented to cause paralysis and death
(Falconer 1998). Though HABs are naturally occurring, anthropogenic activities including
urban and agricultural run-off, storm water discharge and climate change are
contributing factors that enhance the likelihood and potential for these toxin-producing
blooms (Anderson 2002; Paerle 2012; O’Neil 2012; Roelke 2011; Moor 2004; IPCC 2014).
Moreover, the rate of incidence of HABs has increased globally, suggesting that the
potential for HABs is ever mounting (Smayda 1990 and Hallegraeff 1993). It has become
a growing ideology that HABs are quickly becoming the greatest threat to inland water
quality, especially with regard to public health (Brooks 2016). Anderson (2002) showed
that HAB occurrences in freshwaters are correlated with increased chlorophyll a
concentration as well as higher phosphorus loads. This suggests that by investigating
total phosphorus and chlorophyll a, one can better predict a waterbody’s vulnerability
to HAB production. This would be useful for resource managers of the BPR as
understanding the reservoir’s vulnerability HABs can encourage increased surveillance
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of the region as well as promote better management practices to combat and prevent
harmful algae from disrupting drinking water withdrawal and use.

1.4 Land Cover/Use Characteristics of Interest
In addition to investigating run-off indicator parameters, it is also important to
study the amount of imperviousness in the area of interest. Holland (2004) showed that
at varying thresholds of imperviousness one can experience changes to water quality. It
was shown that when a watershed is 10-20% impervious, there are statistically
significant, adverse changes to the physical and chemical attributes of the water
(Holland 2004). When a watershed is at least 20-30% impervious, one then observes
adverse impacts to aquatic life (Holland 2004). When dealing with water quality,
especially at the watershed scale, it is paramount to investigate the percentage of
imperviousness to better predict the impacts from urban run-off. To secure safe, clean
drinking water, it is imperative to investigate such historical land cover changes and how
these changes can lead to pollution of our drinking water reservoirs.

Figure 1.1: This model attempts to predict the changes to water quality that occur when
the amount of imperviousness in a watershed is increased (Source: Holland 2004).
11

Understanding the amounts of impervious surfaces within a watershed is
important for predicting degraded water quality, but it is also important to understand
the types of impervious surfaces that reside within the watershed, as different
impervious surface types can have uniquely different impacts. One of the most
important types of impervious surfaces to investigate are those of roadways. Though
roadways typically comprise a small area of a watershed, they can contribute
significantly to runoff, especially during storm events (Ball 1998). Pollutants from
roadways can include leaked fuel, oils and greases as well as an array of combustion
products including PAHs, sulfur oxides and nitrogen oxides (Drapper 2000). PAHs pose
an increased risk to human health. Several U.S. studies showed that carcinogenic PAHs
were found in drinking water with values ranging between 0.1-61.6 ng/l (WHO 2010).
The EPA has identified 16 PAHs as priority pollutants, many of which are thought to be
possible carcinogens (Charles 1992). It is, however, important to note that
understanding PAH exposure to drinking water reservoirs via roadways is not well
understood. It is the intention of this research to investigate roadways and their
associated pollutants as examples of the types of pollutants that could be present in the
BPR, should water quality in the BPR be found to be degraded and roadways be found
within close proximity.

A second critical category of impervious surfaces is housing units and residential
development. This land use type poses a unique threat to water quality. Pesticides
including pyrethroids, carbamates and organophosphates are commonly used as
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landscape and perimeter treatments to rid lawns and structures of pests (Jiang 2015).
Residential run-off containing high pesticide loads can lead to acute and chronic impacts
to aquatic life and to the ecology of the entire ecosystem (Jiang 2015). Perhaps even
more importantly, however, pesticide exposure can lead to human health impacts like
cancers (Bassil 2007). It has even been shown that pesticide exposure can mimic
features of Parkinson’s. While some drinking water filtration systems like reverse
osmosis can fully remove pesticides from drinking water, many systems, including the
systems used to purify raw water from the BPR, cannot completely filter such fine
pollutants (Chain 1975). This suggests the need to better understand the spatial location
of residential and their proximity to receiving waterways. By investigating the physical
locations of residential areas near the BPR as well as the water quality of the adjacent
waterways, one can better predict the role that pesticides will have in the environment,
and whether or not pesticide contamination of the BPR is likely or of least concern.

Agricultural lands can pose significant threats to water quality. Agricultural fields
are often full of applied nutrients and pesticides in order to grow fertile crops. However,
rainfall events can allow nutrients and pesticides from degraded agricultural lands and
flush them into local streams and rivers, leading to eutrophication which is a significant
risk factor for harmful algal blooms. Although the severity with which run-off
contributes to local water quality degradation is situational, it has been shown that
agricultural plots without adequate buffer zones often contribute to water quality
degradation. Vegetative buffer zones are designed to capture nutrient and pesticide
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run-off. Adequate vegetative buffer zones can remove nearly 50% of nutrient and
pesticide run-off, and 60% or more of bacteria and infectious agents (MDNR 2019). The
Minnesota Department of Natural Resources and others recommend a buffer of at least
100 feet (Vought 1995 and MDNR 2019). Therefore, when performing an analysis of
water quality for any given waterbody, it is imperative to investigate the spatial
locations of agricultural lands with respect to their proximity to local waterways. By
analyzing agricultural lands near the BPR, one can better determine whether, due to
inadequate vegetative buffer zones, there is a heightened potential for increased
bacterial, nutrient loads and pesticide contamination.

Though it is well noted in the literature that impervious surfaces and agriculture
are correlated with degraded water quality, it is also important to investigate land
covers that aid in the resiliency and assimilative capacity of aquatic and estuarine
ecosystems. Wetlands and forests can often act has buffers between developed areas
and receiving waters, harboring the nonpoint source pollution and preventing it from
reaching streams and drinking water reservoirs. Gilliam (1994) suggests that some
researchers have found that wetlands adjacent to receiving waterbodies can retain over
90% of entering nitrate and sediment loads. Though, it is also well understood that
wetlands can be overused due to their beneficial retention capabilities, leading some
wetlands to be so over-saturated with anthropogenic inputs that the wetland fails to
filter further pollution (Johnston 1991). Forests are also an efficient land cover for
nutrient, sediment and bacterial retention. Lowrance (1983) suggests that forests acting
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as a riparian ecosystem can serve as both a long and short-term sink for nonpoint
source pollution from urban and agricultural run-off. However, it is also noted that
successful, long-term riparian forests must be periodically harvested and re-planted to
ensure a net-uptake of nutrients. Both forests and wetlands are important to
understanding water quality on a receiving waterbody and its assimilative capacity. This
study will not only investigate the percentage of forests and wetlands, but their spatial
context as well.

Though not a land cover/use type, precipitation also plays a role in water quality
as the driving force behind urban and agricultural run-off. Issues of climate change
suggest a change in the hydrological cycle as well. As air warms, its ability to retain
moisture increases approximately 7% (Trenberth 2011). This suggests that as climate
changes and warms, rainfall events will be wetter and more intense, especially
regarding hurricane cycles. The threat of intensified rainfall from climate change is made
worse by urban development. Blair (2012) found that with increasing impervious cover
within a watershed, the amount of precipitation needed to spur a run-off event
decreased. At 10% impervious cover a watershed typically needed 9 mm or more rainfall
to link the run-off to the receiving waters; however, when a watershed reached 30%
impervious cover the amount of rainfall needed for a run-off event decreased to just
~4.5 mm of rainfall. The combined effects of increased urbanization with climate change
suggest that run-off events could become more and more prevalent. This suggests the
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need to investigate historical precipitation as a means to understand approximately how
many run-off events one could expect in a year.

1.5 Area of Interest

Figure 1.2: Area of interest

The BPR, also known as the Back-River Reservoir, is a tidally influenced drinking
water reservoir that resides in Goose Creek, South Carolina. It services the state’s fourth
largest city, Mount Pleasant as well as 400,000 citizens of the City of Charleston (USGS
2017). The waterbody itself is a relatively shallow reservoir that has a semi-tropical
climate (USGS 2017). The impoundment has three main tributaries which are as follows:
Back River, Chicken Creek, and Foster Creek (SCDHEC 2018 and USGS 2017). The

16

reservoir lies within the boundary of the Santee watershed which is one of South
Carolina’s eight six-digit hydrologic unit code (HUC) watersheds. However, for the
purposes of this study a smaller watershed class was analyzed.

The BPR remains entirely within the Back River-Cooper River watershed which is
a 12-digit HUC that encompasses 39,812 acres. After further analyses, it was determined
that the Foster Creek 12-digit HUC which shoulders the Back-River-Cooper-River
watershed directly to its west should also be included in this study. This conclusion was
drawn because Foster Creek is a major tributary of the BPR, and that the water quality
and land use/cover characteristics in the Foster Creek watershed could potentially
impact the BPR. The outline of the aggregated watershed and subsequent area of
interest is shown by Figure 2. This area encompasses approximately 49,812 acres.

Two unique features within the Aggregated Watershed are the presence of the
Naval Weapons Station as well as the partial presence of a coal-fired generation plant
owned and operated by Dominion Energy. The Naval Weapons Station is especially
unique as it owns a large portion of the area of interest. The components of the Naval
Weapons Station within the Aggregated Watershed contribute 9,620 acres, which is
19.6% of the entire Aggregated Watershed. The Williams Station, a coal-fired generation
facility that sits along the BPR, is partially within the area of interest. The site uses water
from the BPR for operational reasons including cooling and steam production for the
turbines. The facility is 610-MW capacity power station. While they do not actively

17

discharge wastewater into the BPR, it is important to note the potential of eolian
deposition of heavy metals. Most importantly is the fact that there are no National
Pollutant Discharge Elimination System (NPDES) permit holders within the Aggregated
Watershed, which supports the idea that if waterways and waterbodies are being
degraded, then it is likely coming from nonpoint source pollution including urban,
agricultural and industrial run-off.

1.6 Road Map
The following chapters serve to describe and examine the methodology and
results of this study, respectively. Chapter 2 describes the processes of data collection,
integration and assimilation, as well as the statistical analyses that were performed.
Chapter 3 presents the results of this site assessment study categorically by first
presenting water quality findings followed by the results of the land cover/use analysis.
Chapter 4 summarizes key findings and discusses the implications of the data. In
addition to discussing the results of water quality and land use/cover data separately,
this chapter also discusses the role that land cover/use could be having on water
quality. A subsection describing future research needs was also provided. Chapter 5
provides a concise, bullet-point style summarization of key findings and a list of
references.
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Chapter 2: Methodology

2.1 Water Quality Data
There are three water quality monitoring stations (WQMS) historically operated
by the SCDHEC in the Aggregated Watershed. In addition, there are four current WQMS
sites located in the Aggregated Watershed that have been operated by the USGS since
2013. Figure 2 displays the spatial locations of these WQMSs as well as the site of the
Charleston Water System drinking water intake, which also doubles as a continuous
WQMS site operated by the Charleston Water System.

From these eight locations, historical water quality data for an array of
parameters was gathered. SCHEC and USGS data were collected from the EPA’s Water
Quality Warehouse portal. Water quality data from the Charleston Water System were
provided by Jason Thompson, the Source Water Manager for Charleston Water System.
The parameters include: Phosphorus, pH, turbidity, DO, fecal coliforms, chlorophyll a,
and Water Temperature. Heavy metals like lead and mercury were not investigated as
preliminary data analysis showed that all values for all samples were below detection
limits, though it is noted that over half of the WMQSs did not record lead and mercury.
Numeric and narrative threshold criteria were gathered from the SCDHEDC’s
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Classifications and Standards Report (SCDHEC 2008). Because SCDHEC defines these
waters as Freshwaters, these criteria were based upon a Freshwater classification.
Below is a complete list of investigated parameters and their respective criteria that
were used in data analysis. These parameters were chosen based on their ability to act
as indicators of degraded water quality, especially for their ability to act as warning signs
of urban, agricultural and industrial run-off as well as HAB potential/vulnerability.

Figure 2.1: The spatial locations of the eight WQMSs
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Table 2.1: Complete list of parameters being investigated in this research as well as the
respective threshold criteria being used in data analysis (Source: SCDHEC 2014).

SCDHEC Phosphorus pH
Criteria
Criteria Not to
Must be
exceed .09 between
(mg/l)
6 and
8.5

Turbidity Dissolved
Oxygen
Not to
No
exceed
sample
25 (NTU) to fall
for lakes. below 4
(mg/l)

Fecal
Coliforms
No single
-sample
to exceed
400 (CFU)

Chlorophyll
a
Not to
exceed 40
(ug/l)

To maximize sample sizes, water quality data along the BPR were aggregated,
displayed and analyzed as one set, meaning that the WQMSs along the BPR were not
analyzed individually, but rather as a composite. This was done to maximize sample size
and simplify data analysis. This is justified by the fact that the reservoir is tidally
influenced and has numerous water withdrawal stations, leading to a mixed and
dynamic waterbody. With WQMS sites being well distributed throughout the reservoir,
it allows one to have a more holistic view of water quality in the reservoir. This process
was also performed for the two WQMS sites on Foster Creek. In this way, water quality
was analyzed at three regions. Water quality along Foster Creek (USGS (Foster Creek) &
SCDHEC (MD-240)), water quality on the BPR (USGS (North/Mid/South), Charleston
Water System & SCDHEC (CSTL-124), and water quality along Chicken Creek (SCDHEC
(MD-217)).

Because of the small nature of the datasets, parameters were analyzed by
looking for the number of exceedances for the entire dataset, per location, per
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parameter. These water quality data were then compared to the surrounding land
cover/use data. In this way, if degraded waters were observed (water quality
parameters found to be impaired) then one could attempt to better understand why
this might be happening.

The greatest limiting factor of this research is the limited availability of data. For
example, SCDHEC locations, at best, provide monthly recordings of the listed
parameters from 2001 to 2009, which makes drawing meaningful conclusions of current
water quality health difficult. However, USGS data is more current, ~2013-2017.
However, these datasets lack robustness as USGS sites only represent 2-3 samples per
year, while SCDHEC sites represent ~10-12 samples per year. Data provided by
Charleston Water System were limited in variety. Of the investigated parameters,
Charleston Water System only could provide data for three (DO, pH and turbidity).

2.2 Land Use/Cover Data
Land cover/use data were gathered from the National Land Cover Database
(NLCD) which is part of the Multi-Resolution Land Cover Characteristics Consortium.
Land cover/use data exist for 2001, 2006, and 2011. The land cover/use types for these
data include the following regions: Impervious surfaces, wetlands, agriculture,
deciduous forests, open waters and more. All land cover/use types within the area of
interest were measured and quantified in percent form. In this way, one can determine
percent change over time and identify trends and significantly high or low amounts of a
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certain land cover/use type. By determining the relative change of land cover/use types
in the area of interest from 2001 to 2011, future changes in land cover/use in the area
of interest were predicted.

In addition, the size and spatial locations of agricultural fields in the area of
interest have been collected from Dr. Buz Kloot from the University of South Carolina.
Utilizing GIS, it was determined if these plots have inadequate vegetative buffer regions.
These analyses of land cover/use data were performed using the Environmental
Systems Research Institute (ESRI) product suite, including ArcMap. Raster data from the
NLCD had a cell size of 30 meters and was projected in the NAD 1983 coordinate system
UTM 17N. Agricultural plot data as well as roadways were shapefiles that were also
analyzed in the NAD 1983 coordinate system with the UTM 17N projection.

Precipitation data were gathered from a USGS site ~10 miles from the BPR. The
dataset has daily rainfall totals from 2008 to 2018. Using this data, the average number
of predicted run-off events at 10% impervious cover as well as 30% impervious cover
were calculated, using Blaire (2012) precipitation thresholds. It is important to note that
though the data are daily recordings, never does a year have 365 samples. It varies from
year to year with the average number of data points in a year being 235. Additionally,
yearly datasets did not seem to be missing entire months, but rather decreasing the
number of recordings collected each month. Therefore, it is important to note that
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predicting the number of rainfall events from these data will provide an under-estimate,
perhaps as much as 64%.

2.3 Data Analysis
Water quality data were investigated in two primary ways. Recall that an
overarching goal of this research serves to not only understand the current health of the
BPR and its tributaries, but to understand historical changes in water quality. The null
hypothesis of this study is that water quality has not changed over time. To reach this
end, water quality parameters were graphed, in scatter plot form, for the entire dataset,
for each parameter. The number of exceedances for each parameter’s dataset were
counted and the percent of exceedances were calculated. This allowed for
determination of how healthy the given waterbody was. Sites with many exceedances
per year additionally had a cumulative frequency curve created to better display the
probability of the site producing exceedances. Parameters were characterized as either
impaired or non-impaired. The basis and methodology for classifying parameters was
taken directly from SCDHEC’s 303.d list of impaired waters which provides detailed
methodology (SCDHEC 2018).

Secondly the scatter plots were given a trendline and an R2 was calculated. This
served to demonstrate the relationship between time and parameter recordings, with
the intent to understand if there were significant changes in each parameter over time.
However, it is well documented that R2 is not sufficient to determine if there is a
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statistically significant change over time. The R2 approach, due to temporal and financial
limitations, was used as a screening process. Parameters with small R2 values did not
have further statistical analysis done. However, if significant R2 values were revealed,
then more rigorous statistical analyses were completed. Specifically, ANOVA procedures
with corresponding Tukey Comparison analyses were conducted to determine if the
average value for a parameter changes from year to year. In cases where data were
lacking, the data were aggregated into two or more classes. From this, a simple t-test or
ANOVA was conducted to determine if a parameter had changed over time. In unique
cases, some parameters had many values were below detection limits, making it difficult
to use traditional t-tests or ANOVAs. For this reason, the proportion of phosphorus
values over the third quartile for each year was calculated. A statistical test of multiple
proportions was used to determine if there was a change over time in the proportion of
values over the third quartile.

In summarization of water quality data analysis, cumulative frequency curves
and exceedance rates were graphed and calculated, respectively, to better asses the
reservoir’s current and historic health. To assess whether or not these parameters had
statistically significant changes over time, a simple R2 analysis was implemented as a
screening tool to highlight parameters of concern. Parameters of concern then had an
ANOVA and/or two-sample t-test performed to determine whether the parameter had
statistically significant changes over time and if so in which years they occurred. A
simple table of all statistical analyses performed can be found below in Tables 2, 3 and
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4. These analyses serve to test the null hypothesis that water quality has not changed
over time.

Land cover/use data was assessed by investigating each land cover/use type
from the NLCD. This was performed for both the Back River-Cooper-River 12-digit HUC
and the Foster Creek 12-digit HUC. Recall that data layers exist for 2001, 2006 and 2011.
In this way, the land cover/use composition of the area of interest was determined from
most recent data and historical data. From the historical data, a relative change over
time for each land cover/use type was calculated, which allowed the future composition
of the watershed to be predicted. This was especially important for predicting future
water quality impacts based on the literature.

A second aspect to the land cover/use analysis that was performed were buffer
analyses of receiving waters to determine the proximity of agricultural farm fields.
Agricultural field shapefiles were provided by Dr. Kloot. For this farm field analysis, a
100-foot buffer was created around the receiving waterbodies/streams. The percentage
of agricultural plots within this buffer was calculated.

As mentioned previously, precipitation data from the USGS were used to average
the number of predicted run-off events at 10% impervious cover as well as 30%
impervious cover, using Blaire (2012) precipitation thresholds. It is important to note
that though the data were daily recordings, never did a year have 365 samples. It varied

26

from year to year with the average number of data points per year being 235.
Additionally, yearly datasets did not seem to be missing entire months, but rather
decreasing the number of recordings collected each month. Therefore, it is important to
note that predicting the number of rainfall events from these data provided an underestimate, perhaps as much as 64%. A cumulative rainfall curve was created to visually
compare rainfall from year to year
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Chapter 3: Results

3.1 Water Quality Data
Below are three comprehensive tables that describe all statistical hypothesis
testing conducted throughout the course of this research. The null hypothesis is that
water quality has not changed over time.

Table 3.1: Statistical tests performed on BPR water quality data

Bushy Park Reservoir
Parameter Test
DO
DO
DO
DO
P
P
pH
pH

Date Range
groupings

pvalue

t-test

2001-2007, 20082013 & 2014-2019
ANOVA
2001-2007 & 20142019
ANOVA
2008-2013 & 20142019
t-test
2001-2007 & 20142019
two
2001-2008 & 2009proportions 2018
Multiple
2001-2005, 2006proportions 2009 & 2013-2018
ANOVA
2001-2005, 20062009 & 2013-2018
t-test
2001-2009 & 20132018
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Null
Direction
hypothesis
result
0
Reject Increasing
0

Reject Increasing

0

Reject Increasing

0

Reject Increasing

0.99

Support

0.82

Support

0.037

Reject

0.533

Support

No
change
No
change
Volatile
No
change

Table 2.2: Statistical tests performed on water quality data for Chicken Creek

Chicken Creek
Parameter Test
FC
FC

Date Range
Groupings

pvalue

t-test

1999-2000 & 20022007
ANOVA 1999-2000 & 20022008

Null
Direction
hypothesis
Result
0.299
Support
No
change
0.299
Support
No
change

Table 3.3: Statistical tests performed on water quality data for Foster Creek

Parame
ter

Test

D.O.
D.O.

ANOV
A
t-test

P

t-test

P

NTU

ANOV
A
ANOV
A
t-test

FC

t-test

NTU

Foster Creek
Date Range
p-value
Groupings
1999-2002, 20072013 & 2014-2018
1999-2002 & 20072018
2002-2007 & 20132018
2002-2007 & 20132018
1999-2002 & 20072018
1999-2002 & 20072018
1999-2000 & 20022007
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Null
Direction
hypothes
is Result
0.145 Support
No
change
0.31 Support
No
change
0.002
Reject Decreasi
ng
0.0019
Reject Decreasi
ng
0.00004
Reject Decreasi
ng
0.00004
Reject Decreasi
6
ng
0.072 Support
No
change

3.1.1 The Bushy Park Reservoir

Figure 3.1: WQMS locations on the BPR

The BPR data were aggregated and displayed visually below with six graphs,
representing the six indicator parameters discussed in the introduction and
methodology. Each graph was additionally coupled with a table that quantifies the
number of exceedances per each parameter’s respective dataset and the R2. Due to
multiple exceedances for DO, a cumulative frequency curve was created to visually
display the frequency of exceedances over time.

A test of two proportions was performed for phosphorus. In order to account for
values present below the LOD, which are represented graphically as 0, the proportion of
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recordings above the third quartile was calculated. Then, the data were aggregated the
into two date ranges, 2002-2009 and 2013-2017. In this way, it was possible to
determine if the proportion of recordings above the third quartile was greater for the
first half of my dataset’s date range or the second half. This tested the null hypothesis of
no change between the two date range groupings. An ANOVA was performed for DO.
DO data were divided into three data ranges (2001-2007, 2008-2013 and 2014-2019). A
Tukey Comparison chart was utilized to determine differences between the groups.

3.1.1.1 Dissolved Oxygen
Below are the results for DO along the BPR. A simple scatterplot with additional
statistical testing and a cumulative frequency curve of exceedances was developed to
analyze the data.

20

SCDHEC Criteria: 4
(mg/l)

15

CWS

10

SCDHEC (CSTL-124)

5

Sampling dates

J-19

J-17

J-15

J-13

J-11

J-09

J-07

J-05

J-03

0
J-01

Diussolved oxygen (mg/l)

Dissolved Oxygen, per WQMS,
for the BPR

USGS (North)
USGS (Mid)

Figure 3.2: DO recordings for all four WMQS locations along the BPR.
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Table 3.4: Data analysis table for DO recordings along the BPR.

N

Number of
Exceedances
119

1050

Exceedance Rate
(%)
11.11

R2
0.105

Table 3.5: Results from the ANOVA test performed in Excel.

ANOVA
Source of
Variation
Between
Groups
Within
Groups

SS

df

299.741589

Total

MS

F

Pvalue

2 149.870795 39.2046839

4002.44834

1047 3.82277778

4302.18993

1049

0 3.0043202

Cumulative frequency

Cumulative frequency curve for
Dissolved Oxygen along the BPR
140
120
100
80
60
40
20
0
Jul-98

Apr-01 Jan-04 Oct-06

Jul-09

Apr-12 Dec-14 Sep-17 Jun-20

Sampling dates

Figure 3.3: Cumulative frequency of DO for the BPR.
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F crit

The results show that of the six parameters with acceptable criteria thresholds,
only phosphorus and DO had any exceedances. 0.602% of phosphorus samples
exceeded SCDHEC standards from 2001 to 2018. The single phosphorus exceedances
came in 2006 at SCDHEC (CSTL-124). Just over 10% of DO recordings from 2001-2019
exceeded the SCDHEC criteria threshold. All five WQMS locations recorded exceedances
for DO. No other parameters violated SCDHEC standards.

pH did have statistically significant change over time according to the ANOVA
test. However, the Tukey Multiple Comparison analysis showed that the late grouping
did not vary from the early grouping. The middle grouping was statistically significant
from both the early and late. This suggests that while there was change over time, this
change was not trending towards degradation nor improvement.

A cumulative frequency curve of the exceedances was created for DO. Figure 9
shows that winter months experience less exceedances than the summer months. 80%
of the exceedances occurred from in the months of June to October, suggesting that
air/water temperature is a likely contributor to DO exceedances. An ANOVA procedure
was performed on DO to determine if there was change over time. With a p-value below
our significance level of .05, we reject the null hypothesis of no change over time in
favor of the alternative hypothesis which states that the average DO concentration is
changing over time. The a progressively larger DO average over time, this analysis
showed that DO had been trending toward improvement since 2001.
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3.1.2 Chicken Creek: SCDHEC (MD-217)

Figure 3.4: Spatial location of MD-217

The SCDHEC MD-217 data were aggregated and be displayed visually below with
six graphs, representing the six indicator parameters discussed in the introduction and
methodology, minus chlorophyll a as SCDHEC (MD-217) does not possess historic
chlorophyll a observations. Each graph is additionally coupled with a table that
quantifies the number of exceedances per each parameter’s respective dataset and the
R2. Due to a relatively high R2 for Fecal Coliform data, an ANOVA was performed.
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3.1.2.1 Fecal Coliform
Below are results for fecal coliform data along Chicken Creek. The analyses
include a descriptive scatter plot, an analysis of the number of exceedances and a
cumulative frequency curve of exceedances.

Fecal Coliform recordings for
SCDHEC (MD-217)
Fecal Coliform (CFU)

1000

100

SCDHEC Criteria: No
single sample above 400
CFU

10

SCDHEC (MD-217)

1
J-99 J-00 J-01 J-02 J-03 J-04 J-05 J-06 J-07

Sample dates

Figure 3.5: Fecal coliform recordings for the WQMS along Chicken Creek.

Table 3.6: Data analysis table for Fecal Coliform at SCDHEC (MD-217).

N
46

Number of
Exceedances
1

Exceedance
Rate (%)
2.174

35

R2
0.0215

Table 3.7: ANOVA results for fecal coliform along Chicken Creek

ANOVA
Source of
Variation
SS
df
MS
F
P-value
F crit
Between
Groups 0.76444127 3 0.25481376 1.56652498 0.21168517 2.82704871
Within
Groups 6.83179513 42 0.16266179
Total

7.5962364
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Only one of the five indicator parameters recorded exceedances from 1999 to
2009. One fecal coliform sample exceeded SCDHEC criteria in February of 1999. This
constitutes 2.17% of the total fecal coliform dataset as being non-compliant. No other
parameter exceeded regulatory guidelines. An ANOVA procedure was completed for
fecal coliform which suggests that fecal coliform levels do not differ from year to year. A
p-value above .05 fails to reject the null hypothesis that fecal coliform concentrations do
not change over time.

3.1.3 Foster Creek
The Foster Creek data, an aggregation of the SCDHEC (MD-240) and USGS (Foster
Creek) datasets, were assessed and displayed visually below with six graphs,
representing the six indicator parameters discussed in the introduction and
methodology, minus chlorophyll a as both SCDHEC (MD-240) and USGS (Foster Creek)
do not possess historic chlorophyll a observations. Each graph will additionally be
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coupled with a table that quantifies the number of exceedances per each parameter’s
respective dataset and the R2.

Figure 3.6: Spatial locations of WQMSs along Foster Creek.

ANOVAs were performed for turbidity, DO, fecal coliform and phosphorus. To
increase sample sizes, data were aggregated into date range groupings. This allowed a
dichotomous approach to statistically test whether the data from ~1999-2005 differs
from ~2007-2017. This allowed one to test the null hypothesis of no change. The results
to these analyses are below.
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3.1.3.1 Phosphorus
Below are results for phosphorus data along Foster Creek. The analyses include a
descriptive scatter plot, an analysis of the number of exceedances and a cumulative
frequency curve of exceedances.

Phosphorus recordings, by WQMS,
for Foster Creek
Phosphorus (mg/l)

0.3
0.25
0.2

SCDHEC Criteria: .09
(mg/l)

0.15

SCDHEC (MD-240)

0.1

USGS (Foster Creek

0.05
0
J-02 J-04 J-06 J-08 J-10 J-12 J-14 J-16

Sample dates

Figure 3.7: Phosphorus recordings for the two WQMSs along Foster Creek.

Table 3.8: Data analysis table for phosphorus recordings along Foster Creek.

N
39

Number of
Exceedances
16

Exceedance
Rate (%)
41.026
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R2
0.1270

Table 3.9: ANOVA results for phosphorus along Foster Creek

ANOVA
Source of
Variation
SS
df
MS
F
P-value
F crit
Between
Groups
0.01866273 1 0.01866273 10.0165507 0.00266632 4.03839263
Within
Groups
0.09129625 49 0.00186319
Total

0.10995898 50

Cumulative frequency

Cumulative frequency curve for
Phosphorus along Foster Creek
20
18
16
14
12
10
8
6
4
2
0
J-02 J-03 J-04 J-05 J-06 J-07 J-08 J-09 J-10 J-11 J-12 J-13 J-14 J-15 J-16 J-17

Sampling dates

Figure 3.8: Cumulative frequency of phosphorus for Foster Creek.

3.1.3.2 pH
Below are results for pH data along Foster Creek. The analyses include a
descriptive scatter plot and an analysis of the number of exceedances.

39

pH recordings, by WQMS, for
Foster Creek
9

pH

8
7

SCDHEC Upper Limit
Criteria: 8.5

6

SCDHEC Lower Limit
Criteria: 6

5

SCDHEC (MD-240)

4
USGS (Foster Creek)

3
J-99 J-01 J-03 J-05 J-07 J-09 J-11 J-13 J-15 J-17

Sample dates

Figure 3.9: pH recordings for the two WQMSs along Foster Creek.

Table 3.10: Data analysis table for pH recordings along Foster Creek

N
64

Number of
Exceedances
1

Exceedance
Rate (%)
1.563

R2
0.0139

3.1.3.3 Dissolved Oxygen
Below are results for DO data along Foster Creek. The analyses include a
descriptive scatter plot, an analysis of the number of exceedances and a cumulative
frequency curve of exceedances.

40

Dissolved Oxygen recordings, by
WQMS, for Foster Creek
10

Dissolved Oxygen (mg/l)

9
8
7
6
5

SCDHEC Criteria: Not to
fall below 4 (mg/l)

4

SCDHEC (MD-240_

3
2

USGS (Foster Creek)

1
Jan-17

Jan-15

Jan-13

Jan-11

Jan-09

Jan-07

Jan-05

Jan-03

Jan-01

Jan-99

0

Sample dates

Figure 3.10: DO recordings for the two WQMSs along Foster Creek.

Table 3.11: Data analysis table for DO recordings along Foster Creek.
.

N
67

Number of
Exceedances
32

Exceedance
Rate (%)
47.761

41

R2
0.0934

J-18

J-17

J-16

J-15

J-14

J-13

J-12

J-11

J-10

J-09

J-08

J-07

J-06

J-05

J-04

J-03

J-02

J-01

J-00

45
40
35
30
25
20
15
10
5
0
J-99

Cumulative frequency

Cumulative frequency curve of
exceedances for Dissolved Oxygen
along Foster Creek

Sampling date

Figure 3.11: Cumulative frequency of exceedances for DO along Foster Creek.
Table 3.12: ANOVA results for DO along Foster Creek
ANOVA
Source of
Variation
SS
df
MS
F
P-value
F crit
Between
Groups
102.533873 13 7.88722099 1.48705581 0.13018001 1.79498002
Within
Groups
700.117081 132 5.30391728
Total

802.650954 145
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3.1.3.4 Turbidity
Below are results for turbidity data along Foster Creek. The analyses include a
descriptive scatter plot, an analysis of the number of exceedances, an ANOVA testing
change over time and a cumulative frequency curve of exceedances.

Turbidity recordings, by WQMS,
for Foster Creek
Turbidity (NTU)

60
50
40

SCDHEC Criteria: Not to
exceed 25 (NTU)

30

SCDHEC (MD-240)

20
10

USGS (Foster Creek)

0
J-99 J-01 J-03 J-05 J-07 J-09 J-11 J-13 J-15 J-17

Sampling date

Figure 3.12: Turbidity recordings for the two WQMSs along Foster Creek.

Table 3.13: Data analysis for turbidity recordings along Foster Creek.

N
54

Number of
Exceedances
0

Exceedance
Rate (%)
0
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R2
0.125

Table 3.14: ANOVA results for turbidity along Foster Creek

ANOVA
Source of
Variation
Between
Groups
Within
Groups

SS

df

1.81524942
4.18939168

Total

MS

F

P-value
F crit
2.0044E1 1.81524942 22.0981297
05 4.03039259

51 0.08214493

6.0046411
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3.1.3.5 Fecal Coliform
Below are results for fecal coliform data along Foster Creek. The analyses include
a descriptive scatter plot, an analysis of the number of exceedances, an ANOVA testing
change over time and a cumulative frequency curve of exceedances.

Fecal Coliform recordings for
Foster Creek
Fecal Coliform (CFU)

100000
10000
SCDHEC Criteria: No
single-sample to exceed
400 (CFU)

1000
100

SCDHEC (Md-240)

10
J-07

J-06

J-05

J-04

J-03

J-02

J-01

J-00

J-99

1

Sample dates

Figure 3.13: Fecal coliform recordings along Foster Creek
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Table 3.15: Data analysis fecal coliform recordings along Foster Creek.

N

Number of
Exceedances

R2

Exceedance
Rate (%)
11.111

45

0.0298

Cumulative frequency of
exceedances for Fecal Coliform
along Foster Creek
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J-99

0

Figure 3.14: Cumulative frequency of exceedances for DO along Foster Creek.

Table 3.16: ANOVA results for fecal coliform along Foster Creek
ANOVA
Source of
Variation
SS
df
MS
F
P-value
F crit
Between
Groups
1.43590457 1 1.43590457 3.37651493 0.07153594 4.01619549
Within
Groups
23.3894275 55 0.42526232
Total

24.8253321 56
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All five parameters with numeric threshold criteria exceeded SCDHEC criteria to
some degree. Nearly half (41%) of the 39 phosphorus samples from 1999 to 2018
exceeded SCDHEC criteria. In addition, 11% of fecal coliform samples and 47% of DO
recordings were found to be non-compliant with regulations. 60% of DO exceedances
came during the warmer months of June to October, with an average water
temperature of 24.8 degrees Celsius, suggesting that DO is more problematic yearround than on the BPR. Both pH and Turbidity also violated SCHEC criteria. One pH
sample in March of 2000 fell to 4.24.

ANOVAs for both Turbidity and Phosphorus levels along Foster Creek show
decreasing levels over time. Both statistical test for turbidity and phosphorus were
below the significance level of .05, suggesting the average for both of these parameters
has changed over time. The ANOVA for DO failed to reject the null hypothesis,
suggesting there has been no change in DO levels over time. This was also true for the
fecal coliform ANOVA test. It is important to note, however, the spatial difference in the
datasets. One must keep in mind that the USGS site is further downstream, near Foster
Creek’s confluence with the BPR. It could be possible that the majority of influxes of
pollution is occurring near SCDHEC (MD-240) and that the pollution rate attenuates
before it reaches USGS (Foster Creek). This could explain why turbidity and phosphorus
levels seemed to decrease over time.
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3.2 Land Cover/Use Data
3.2.1 Back River-Cooper River 12-digit HUC

Figure 3.15: Back River-Cooper River 12-digit HUC.

The land cover/use analysis was performed by watershed, beginning with the
Back River-Cooper River 12-digit HUC which houses the BPR in its entirety. There are
two steps to the land cover/use analysis, and they are as follows: Assessment of the
current and historical composition of the watershed, including projections of some land
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cover/use types, and an analysis of agricultural farm field plots and their proximity to
receiving water.

Table 3.17: Land cover/use analysis for the Back River-Cooper River 12-digit HUC.

Land cover/use Type
2001

% (Back River-Cooper River 12-digit HUC)
2006 2011 Total %
Relative %
Change
change
2.15 2.25
0.11
5.14
4.09 4.54
0.78
20.74
9.42 9.81
0.47
5.03

Open Water (11) 2.14
% Imperviousness 3.76
Developed, Open 9.34
Space (21)
Developed, Low
4.9 5.17 5.86
Intensity (22)
Developed, Medium 1.31 1.56 1.86
Intensity (23)
Developed, High 0.65 0.71
0.8
Intensity (24)
Barren 0.77 0.76 1.24
(Rock/Sand/Clay)
(31)
Forest (42, 43 & 41) 32.72 31.45 29.56
Shrubland (52- 6.23 6.55 7.02
Shrub/scrub)
Herbaceous (71- 0.94 1.38 1.53
Grassland/herb.)
Agriculture (81 & 3.24 3.23 3.05
82)
Wetlands (90 & 95) 37.77 37.6 37.14

48

0.96

19.59

0.55

41.98

0.15

23.07

0.47

61.03

-3.16
0.79

-9.65
12.68

0.59

62.76

-0.19

-5.86

-0.63

-1.67
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Figure 3.16: Imperviousness projection of the Back River-Cooper River 12-digit HUC.
From 2001-2011, the Back River-Cooper River 12-digit HUC has a 20.7% relative
increase in the amount of impervious cover. When this growth was extrapolated into
the future decades, the Back River-Cooper River 12-digit HUC was projected to become
9.65% impervious cover by 2051. Using Holland (2004), this suggests that by 2051 the
BPR could be at the cusp of experiencing degraded water quality in the form of
increased nutrient, bacterial and chemical contamination. Additionally, 55 of the 247
farm field plots (22%) intersected the 100-ft buffer. Most of these farm field plots with
inadequate buffer zones were impacting first or second order streams several miles
from the BPR. There were no agricultural farm field plots along the BPR or the two
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major tributaries (Back River and Chicken Creek) that reside within the Back RiverCooper River 12-digit HUC.

Figure 3.17: Farm fields in the Back River-Cooper River 12-digit HUC.
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3.2.2 Foster Creek 12-digit HUC

Figure 3.18: Foster Creek 12-digit HUC

Below are the results for the land cover/use analysis of the Foster Creek 12-digit HUC.
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Table 3.18: Land cover/use composition analysis for the Foster Creek 12-digit HUC.

Land cover/use Type
Open Water (11)
% Imperviousness
Developed, Open Space
(21)
Developed, Low
Intensity (22)
Developed, Medium
Intensity (23)
Developed, High
Intensity (24)
Barren
(Rock/Sand/Clay) (31)
Forest (42, 43 & 41)
Shrubland (52Shrub/scrub)
Herbaceous (71Grassland/herb.)
Agriculture (81 & 82)
Wetlands (90 & 95)

% (Foster Creek 12-digit HUC)
2001 2006 2011 Total %
Relative %
Change
change
0.83 0.83 0.83
0
0
7.68 9.39 10.22
2.54
33.07
11.18 12.38 13.58
2.40
21.47
12.71 14.67 15.99

3.28

25.81

3.06

4.29

4.72

1.66

54.25

0.92

1.01

1.08

0.16

17.39

0.01

0.27

0.38

0.37

3700

34.37 32.33 30.26
3.00 2.75 2.83

-4.11
-0.17

-11.96
-5.67

1.16

0.42

56.76

1.33 1.26
1.1
31.86 29.25 24.46

-0.23
-7.4

-17.29
-23.23

0.74

0.96
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Figure 3.19: imperviousness projection of the Foster Creek 12-digit HUC.
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Figure 3.20: Wetlands projection for the Foster Creek 12-digit HUC.
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Figure 3.21: Farm fields within the Foster Creek 12-digit HUC.

The most recent land cover/use data from the NLCD shows that the Foster Creek
12-digit HUC is 10.22% impervious cover. This suggests, according to Holland 2004, that
Foster Creek, a major tributary of the BPR, is experiencing increased nutrient and
bacterial loadings as well as chemical contamination. When the growth in impervious
cover from 2001 to 2011 was extrapolated, it was projected that the Foster Creek 12digit HUC will be 30% impervious cover. This could lead to a myriad of very adverse
ecological impacts, including a loss of ecosystem services. It was also noted that there
was a loss in wetlands from 2001-2011 in the Foster Creek 12-digit HUC. There was a
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relative change from 2001-2011 of -23.23%. Using this rate of change, by 2051, the
Foster Creek 12-digit HUC could be 8.5% wetlands, a 26.6% loss in wetlands.

The farm field buffer analysis revealed that of the 16 farm field plots in the
Foster Creek 12-digit HUC, only one intersected the 100-ft buffer. This suggests that the
first and second order stream impacted by this farm field is likely experiencing increased
pesticide and nutrient loading. However, the distance from the point of intersection to
the stream’s confluence with Foster Creek is over 7 miles. There were no farm fields
along Foster Creek which suggests that Foster Creek does not receive direct influxes of
agricultural run-off.

3.2.3 Precipitation
Precipitation data were gathered from a USGS site ~10 miles from the Bushy
Park Reservoir. The dataset had daily rainfall totals from 2008 to 2018. Using rainfall
thresholds from Blair 2012 at 10% impervious cover and 30% impervious cover, the
number of violations for the entire dataset was calculated. Using the percentage of
rainfall events above the rainfall threshold, the estimated number of run-off events
each year was summed. It is important to note that no year had 365 recordings,
suggesting that any inference or estimates based on the results are underestimates. The
average number of recordings per year was 235, 64% less than a full year of data.
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Table 3.19: Rainfall days above 9 mm threshold

10% IC (9 mm)
N
Violations %
Run-off events per year
2588
429
16.58
60.50
Table 3.20: Rainfall days above the 4.5 mm threshold

N
2588

Violations
593

30% IC (4.5 mm)
%
Run-off events per year
22.91
83.63

Cumulative rainfall curve for
Berkeley County
16000
14000

Rainfall (mm)

12000
10000
8000
6000
4000
2000
0
Feb-08 Jul-09 Nov-10 Apr-12 Aug-13 Dec-14 May-16 Sep-17 Feb-19 Jun-20

Date of recordings

Figure 3.22: Cumulative rainfall curve for Berkeley County
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The data show that when one compares the entire precipitation dataset (20082018) to the 10% impervious cover threshold of 9 mm, that 16.5% of the days from
2008-2018 had rainfall events that exceeded the minimum precipitation requirement
for a run-off event. At the 30% impervious cover threshold, this rate increases to 22.9%.
Therefore, as seen from the literature, not only does increasing impervious cover
increase the amount of chemical, nutrient and bacterial pollutants capable of being
introduced via overland flow, it also increases the number of days these pollutants can
enter into receiving waters. Based on these estimates, one can expect ~61 days of runoff per year when a watershed in Berkeley County is 10% IC and that if the watershed
were to reach 30% IC that the number of days of run-off per year could increase by 38%
to ~84 run-off events per year.
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Chapter 4: Discussion
Based on available data and the subsequent analysis of this study, the BPR was
impaired for DO. As seen in Figure 8 and the data analysis in Tables 8 and 9, DO levels
violated SCDHEC criteria from 2001-2019. An ANOVA procedure comparing three data
groupings (2001-2007, 2008-2013 and 2014-2019) rejected the null hypothesis that DO
levels did not change over time. With the average for each data grouping having a
progressively higher average DO concentration, it can also be said that DO has increased
over time, suggesting that DO has been trending towards improvement since 2001.
Though the BPR is and has been historically impaired for DO, none of the other
investigated parameters were seen to be impaired. Furthermore, when one analyzes the
cumulative frequency curve for DO seen in Figure 9, it shows that DO experiences the
most exceedances in the warmer months. 80% of the violations came in the months of
June to October, suggesting that water temperature is likely a key contributing factor.
Other factors influencing non-compliant DO levels could be inadequate circulation of
waters (Butts 1978). Due to the fact that the other five indicator parameters appeared
healthy given the available data, it was not suspected that the BPR is being degraded by
nonpoint source pollution.
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Chicken Creek, which filters water into the BPR from the west branch of the
Cooper River was, based on data available from 2001-2009, healthy. Only one
parameter experienced an exceedance which was fecal coliform. The lone exceedance
came in 1999. No parameters had statistically significant trends over time. It is
important to note that drawing conclusions about the current state of Chicken Creek is
very difficult, but, based on the available data, there is no evidence to suggest that
Chicken Creek is impaired or degraded.

Foster Creek water quality experienced impairment for a number of parameters.
Phosphorus, DO and fecal coliforms were found to be impaired based upon data from
1999-2018. 41% of phosphorus recordings violated SCDHEC criteria. It is important to
note that nutrient criterion do not exist at the state and federal level; therefore, state
standards for lakes were utilized. 48% of DO levels were also non-compliant. An analysis
of the cumulative frequency curve for DO pictured in Figure 23 suggests that DO is more
problematic year-round, relative to DO exceedances on the BPR. Only 60% of DO
violations for Foster Creek resulted in the months of June to October, which indicated
that DO is non-compliant more year-round in Foster Creek than DO along the BPR. Fecal
coliforms exceeded criteria 11% of the time. One pH sample fell below SCDHEC criteria
to 4.2 as seen in Figure 23. From the analysis, it is seen that phosphorus, fecal coliforms
and DO are all impaired. Due to multiple parameters being impaired as well as an
observed violation for pH, it is likely that Foster Creek is being adversely impacted by
nonpoint source pollution.
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It was also shown through ANOVA procedures that turbidity and phosphorus
decreased over the years. However, it is important to note that the more current data
are provided from a spatially different source which is further downstream. Due to this,
it is unclear whether the water quality is becoming healthier over time or that the
concentration of pollution attenuates as it travels from SCDHEC MD-240 to USGS (Foster
Creek).

The impaired waters of Foster Creek seem to align with the findings from the
land cover/use analysis. The Foster Creek watershed is, as of 2011, over 10% impervious
cover. According to Holland (2004), this predicts increased nutrient and bacterial
loading. This is what was observed along Foster Creek. The Back-River 12-digit HUC is
just over 4% impervious surfaces, which could explain why multiple parameters were
not found to be impaired. However, one of the most alarming findings comes from the
extrapolation of growth for impervious cover in both watersheds. It is projected from
this study that by 2051, the Back River-Cooper River 12-digit HUC will be 9.7%
impervious cover, suggesting that in the next 30 years the BPR could begin to
experience degraded water quality that mirrors what was seen in the Foster Creek 12digit HUC. This could pose a significant threat to the BPR’s viability as a drinking water
reservoir, especially when one considers the increased risk of HABs that is posed by
eutrophication. This study also projects that by 2051 the Foster Creek 12-digit HUC will
be ~32% impervious cover. According to Holland (2004), this suggests that in the next 30
years Foster Creek could experience an entire loss of ecosystem services. The land
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cover/use analysis for the Foster Creek watershed is even more alarming as there has
been a loss in wetlands of 23% from 2001 to 2011. By 2051, the Foster Creek 12-digit
HUC could be only 8.5% wetlands which is a 72% loss from 2001. The projected rise in
imperviousness for the Foster Creek watershed coupled with the projected loss in
wetlands could lead to a damaging impact to the assimilative capacity of the receiving
waters in Foster Creek.

The agricultural farm field buffer analysis revealed that there are no farm fields
with inadequate buffer regions adjacent the BPR or its three main tributaries. The
analysis did show that several first and second order streams in both the Foster Creek
12-digit HUC and the Back River-Cooper River 12-digit HUC have adjacent farm fields
with inadequate buffer zones. This suggests that these receiving streams are
experiencing increased nutrient, microbial and pesticide pollution. The inability to
detect degraded water in the BPR apart from low DO levels, suggests that the pollution
from these early-stage streams attenuates before it reaches the BPR. Because Foster
Creek experienced violations for four out of the five parameters investigated, it is
possible that agricultural run-off is contributing to the degraded water quality. However,
due to the fact that only one farm field has an inadequate buffer region and this lone
farm field only impacts a first-order stream, which must travel through over four miles
of meandering tidal streams before it reaches its confluence with Foster Creek, it is
unlikely that the Foster Creek is being adversely impacted through agricultural run-off.
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The degradation in Foster Creek is most likely attributable to the high amounts of
impervious cover within the watershed

The precipitation data, though limited in scope, provided interesting results with
respect to the percent increase in the amount of run-off events a year one can expect
with increasing imperviousness. The results showed that the if the Back River-Cooper
River 12-digit HUC was 10% impervious cover then one could expect ~61 run-off events
a year. However, if the impervious cover is increased to 30% then one can expect ~84
run-off events per year. It is important to note that this data is limited in that there were
no rainfall data for every day, therefore, these are under estimates. However, the
change from 61 events/year to 84 events/year is a relative increase of 38%.

It is well-documented throughout this study that there were many limitations.
These limitations center around the limited availability of data. However, this study
represents a transferable process for characterizing and assessing drinking water
reservoirs as well as their surrounding drainage basins. Future studies could incorporate
the models created in this study with more robust datasets to more accurately and
definitely characterize their waterbodies of interest. The shortcomings of data
availability of this study do not render the processes of this study invalid.
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4.1 Future Research
There are two important steps that should proceed with regard to the BPR and
its watersheds. The first of these being to establish a network of continuous WQMSs
throughout the BPR and its surrounding watersheds. The major limitation of this study is
the limited availability of data. To better characterize and assess the health of the BPR,
it is vital that more data be collected from a holistic network of WQMS locations. The
shortcomings in data collection were even noticed by the SCDHEC. Because SCDHEC
stopped sampling the reservoir in 2009, they have added the BPR to the state Waters of
Concern list. They have done this not because they have samples indicating impaired
parameters, but because they have not sampled in nearly a decade. A holistic WQMS
monitoring network is paramount moving forward from this study to gauge the health
of the BPR and to detect changes before degradation products reach the drinking water
intake.
A second important management strategy highlighted in this study is the need
for better watershed management approaches to curb the rate of increase of
impervious cover. The models in this research suggest that by 2051, the watershed that
houses the BPR will be nearly 10% impervious cover, which would likely lead to
increased bacterial, nutrient and chemical loading in the reservoir (Holland 2004). By
2051, the adjacent Foster Creek watershed could be over 30% impervious cover, which
could lead to an entire loss of ecosystem services and increase the amount of pollution
reaching the BPR from Foster Creek (Holland 2004). Effective management strategies
like partnering with major land holders or proactively recruiting land trusts would aid to
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this end. Recall that the Naval Weapons Station owns and operates nearly 20% of the
Aggregated Watershed. Partnering with such entities would be vital to easing the
increased rate of impervious cover as well as the loss of wetlands displayed in the Foster
Creek watershed.
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Chapter 5: Conclusion

Based on the available data, the following conclusions were drawn.
1) The BPR is impaired for DO. However, based on available data, there is
insufficient evidence to suggest that the reservoir is being adversely impacted by
nonpoint source pollution. An ANOVA procedure rejected the null hypothesis of
no change over time and supported that DO had been improving since 2001.
2) By 2051, the BPR watershed could be nearly 10% impervious cover, suggesting
that the reservoir could begin to experience degradation in the form of increased
nutrient, bacterial and chemical loading.
3) Foster Creek is impaired for DO, phosphorus and fecal coliform bacteria.
Additionally, a low pH of 4.24 was recorded. This, coupled with the results of the
land cover/use assessment, supports the idea that Foster Creek is being
adversely impacted by urban run-off.
4) By 2051, the Foster Creek watershed could be over 30% impervious cover, which
could lead to an entire loss of ecosystem services for the waterbodies within the
watershed. It currently is just above 10% impervious cover, which supports the
idea that Foster Creek is being impaired by urban run-off (Holland 2004).
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5) The Foster Creek watershed also experienced a significant loss in wetlands from
2001-2011 of 23%. By 2051, it is projected that there will be a 73% loss in
wetlands from 2001 levels.
6) Precipitation data suggest that an increase in impervious cover for a watershed
within Berkley County from 10% impervious cover to 30% impervious cover
would lead to a 38% increase in the number of run-off events per year
7) Moving forward, a holistic and extensive water quality monitoring network of
continuous data collection should be established along the BPR and its
tributaries. This network would not only aid in better characterizing the health of
the BPR and its watershed, but also in acting as an early-warning detection
system for detecting water quality degradation
8) An effective watershed management strategy needs to be developed to prevent
the projected rise in impervious cover surrounding the BPR. Collaborating with
major land holders such as the Naval Weapons Station as well as local land trusts
and conservation entities would be vital to accomplishing this end.
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